Abstract-Lithium-ion batteries are regarded as the key energy storage technology for both e-mobility and stationary renewable energy storage applications. Nevertheless, Lithium-ion batteries are complex energy storage devices, which are characterized by a complex degradation behavior, which affects both their capacity and internal resistance. This paper investigates, based on extended laboratory calendar ageing tests, the degradation of the internal resistance of a lithium-ion battery. The dependence of the internal resistance increase on the temperature and state-of-charge level has been extensive studied and quantified. Based on the obtained laboratory results, an accurate semiempirical lifetime model, which is able to predict with high accuracy the internal resistance increase of the lithium-ion battery over a wide temperature range and for all state-of-charge levels, was proposed and validated.
A solution to mitigate these issues is to relay on accurate models which are able to predict accurately the performance and lifetime of the lithium-ion (Li-ion) batteries. Thus, by having access to accurate models, researchers and end-users of Li-ion batteries are able to assess the economic viability and technical suitability of the battery for a certain application [6] [7] [8] . Consequently, by using battery models, expensive and time-demanding field trials can be minimized. Li-ion battery performance models are used to predict mainly the short-term dynamic behavior (e.g., voltage, power, etc.) at different conditions [e.g., temperature, load current, state-of-charge (SOC)] [9] , [10] . The battery lifetime models are used to estimate the long-term degradation behavior of the Li-ion battery performance parameters (e.g., capacity, internal resistance, etc.) during ageing (both calendar and cycle ageing) [11] [12] [13] . Even though both type of models are equally important, this research focuses on developing a lifetime model, which is able to predict the internal resistance of Li-ion batteries during calendar ageing.
The internal resistance of Li-ion batteries is a highly important parameter since it is used to determine the batteries' power capability. Consequently, by having accurate information about the degradation behavior of the Li-ion battery internal resistance, and, subsequently, of the power capability, battery packs and systems can be optimally sized and designed to meet the requirements of the application. Moreover, accurate information about the degradation behavior of the Li-ion battery internal resistance is necessary in order to define and choose the optimal battery cooling system strategy. Finally, accurate information regarding the internal resistance increase during ageing of the Li-ion battery can be used to define optimal energy management strategies, which will efficiently use the Li-ion battery by maximizing lifetime and reducing safety concerns. This paper studies the degradation behavior of the internal resistance (i.e., the internal resistance increase) of a certain Li-ion battery chemistry [i.e., lithium iron phosphate (LFP)] during calendar ageing at different temperature and SOC levels. The evolution of the internal resistance during cycle ageing for the same Li-ion battery chemistry was briefly investigated in [14] , while in a previous work, we have evaluated its evolution during one year storage at different elevated temperatures [15] . Nevertheless, most of the available degradation studies on the LFP-based batteries are not focused on the internal resistance but on other performance parameters such as capacity and ac impedance [11] , [13] , [16] .
In order to perform this study, 15 identical Li-ion battery cells were aged for a period varying between 24 and 36 months and the internal resistance increase and its dependence on the storage time, temperature, and SOC-level was quantified. Based on the obtained results, a lifetime model which is able to estimate the internal resistance increase during calendar ageing was developed, parameterized, and successfully validated.
II. STATE-OF-THE-ART
The ageing of Li-ion batteries is a complex combination of a large number of electrochemical and mechanical processes, which are highly influenced by the operating conditions [17] , [18] . The capacity fade and resistance increase (and subsequently power fade) do not originate from one single cause but from various ageing mechanism and their possible interactions [17] . Furthermore, the aforementioned performance parameters degrade during both calendar and cycling ageing [17] , [18] . Even though the ageing mechanism at the two electrodes depends on the choice of the electrode material, there are similarities between different electrode materials [19] .
Usually the ageing mechanisms that occur at the anode and cathode are significantly different [17] and are briefly discussed in the followings. Graphite is mainly used as an anode material in Li-ion batteries; this is also the case of the Li-ion battery which is studied in this paper. The most common ageing mechanism that takes place at the anode and cause the increase of the internal resistance (and subsequently power fade) is the solid electrolyte interface (SEI) formation and growth [17] [18] [19] ; furthermore, the formation and growth of the SEI results into a progressive contact loss within the composite anode, which will cause additional increase of the resistance of the battery cell [17] , [19] . According to [17] and [18] , the electrolyte decomposition and the SEI formation are enhanced by operating the battery at high temperatures and high SOC-levels; this is in good agreement with the results presented in [20] for a LFP-based battery, which shows a fast internal resistance increase when stored at high SOCs and temperatures. An additional ageing mechanism, which causes the increase of the battery's resistance, is the corrosion of the current collectors [17] ; this process is mainly driven by the battery operation at low SOCs.
The internal resistance increase is also influenced by the ageing mechanisms that occur at the battery's cathode. Binder decomposition, oxidation of the conductive agent, and corrosion of the current collector at the positive electrode lead to reduced conductivity between particles, and, consequently, resistance increase [17] [18] [19] . As illustrated in [18] , these mechanisms are mainly enhanced by storage of the Li-ion batteries at high temperatures. Moreover, the internal resistance increase is caused also by the electrolyte decomposition, which results into a surface layer formation at the cathode side [17] , [18] .
Different particularities regarding the evolution of the Li-ion battery's internal resistance during ageing have already been presented in the literature in different studies.
Most of these studies were carried out considering various cycle ageing conditions [12] , [14] , [21] , [25] or different driving profiles [26] , [27] . Furthermore, the aforementioned cycle ageing studies have been performed for different Li-ion battery chemistries, as follows. The variation of the internal resistance with the depth-of-discharge for fresh and aged (after 100 cycles) LFP-based Li-ion batteries was analyzed in [21] . For the same Li-ion battery chemistry, the internal resistance increase due to cycle ageing at 50°C was studied in [14] ; the internal resistance was measured after 600 full cycles at four different temperatures and current pulse lengths, showing a substantial increase with the cycle number and temperature decrease and only a slight increase with the pulse duration [14] . The evolution of the internal resistance of a nickel-magnesium-cobolt-based Li-ion battery during cycling ageing was investigated in depth for various SOC levels, temperatures, and currents by Waag et al. in [22] . The effect of the cycling temperature on the resistance increase rate was evaluated by Feng et al. in [25] for an LCO-based battery; using an electrochemistry-based model, the authors have observed, during 250 cycles, an increase of the total resistance of electrodes resistance and electrode/electrolyte resistance of 33.64% and 93.29%, when the batteries were cycled at 25 and 55°C, respectively. Semiempirical models, which are able to estimate the internal resistance increase during cycle ageing at various conditions, were developed for LiNiCoO 2 -based and NMC-based Li-ion batteries in [12] and [23] , respectively.
The second group of studies has focused on analyzing the increase of the internal resistance during calendar ageing [28] [29] [30] [31] [32] . Thus, Matsushima et al. have analyzed the evolution of the internal resistance during trickle charge at high-voltage levels (i.e., higher than 4 V) and increased temperature levels (i.e., above 45°C) [28] ; the authors found out that for the same idling temperature, the internal resistance increase was quasiindependent on the charge voltage. A statistical methodology for predicting the internal resistance increase of Li-ion batteries (no chemistry specified) during calendar ageing was proposed in [29] . Furthermore, lifetime models, which are able to estimate the internal resistance increase during storage at different temperatures and SOC-levels, were developed in [30] (for the LiNiCoO 2 chemistry) and [31] (for the NMC chemistry). Schmalstieg et al. have observed a linear dependence on the storage voltage and an exponential dependence on the storage temperature of the internal resistance increase rate [31] . None of the aforementioned studies have been focused on assessing and modeling the internal resistance increase of a Li-ion battery based on the LFP chemistry. Thus, in this study, we propose an accurate lifetime model, which is able to estimate the degradation of the internal resistance of a LFP-based Li-ion battery. The proposed model is based on accelerated ageing experiments carried out over a period of at least 24 months.
III. EXPERIMENTAL SETUP

A. Li-Ion Battery Under Test
The Li-ion battery family is broad, with many chemistries being commercialized at present [33] . Nevertheless, for this research, Li-ion batteries based on the LFP (LiFePO 4 ) chemistry were used; because they use LFP at the cathode and graphite carbon at the anode, as active materials, they are further referred to as LFP/C-based Li-ion batteries. All the tests presented in 
B. Accelerated Calendar Ageing
The lifetime of the LFP/C-based battery cells, which were considered in this study, is in the range of years, as shown in [11] and [34] . Therefore, in order to obtain the desired information about the degradation behavior of their internal resistance in a relatively reduced time, the battery cells were subjected to an accelerated calendar ageing procedure, similar to the one presented in [13] . The main stress factor used for accelerating the ageing of the battery cells was the high temperature. Besides the temperature, the second stress factor, which affects the calendar lifetime of the Li-ion batteries is the SOC at which they are stored [11] , [16] . As presented in the already published literature, the degradation of the Li-ion battery cells performance parameters (e.g., internal resistance) varies nonlinearly with the stress levels [12] , [13] . Thus, to be able to accurately extrapolate the degradation of the LFP/C battery cells at a temperature, which maximizes the lifetime (e.g., 25°C-for stationary applications), and to interpolate between the storage SOC levels (to obtain the degradation over the entire SOC interval), three stress levels were considered for both stress factors. Consequently, LFP/C battery cells were subjected to accelerated ageing tests at five conditions, as summarized in Table I . During the accelerated calendar ageing tests, the battery cells were stored, at open-circuit condition, in climatic chambers, in order to obtain the desired temperature levels (see Fig. 1) ; the relative humidity inside the climatic chambers was approximately 41%.
After 30 days of storage at the conditions presented in Table I , the LFP/C battery cells were subjected to a reference performance test (RPT) sequence. During the RPT, among various performance parameters, the internal resistance of the battery cells was measured in order to quantify its degradation trend. Afterward, the accelerated calendar ageing test was resumed for another 30 days and for the corresponding RPT. This procedure was repeated for a period of 24 or 36 months depending on the ageing test case.
C. Internal Resistance Measurement
During each RPT, the internal resistance of the LFP/C battery cells was measured at 25°C (i.e., 298 K) using the current pulse train, as shown in Fig. 2 ; the internal resistance was measured for both charging and discharging current pulses and for four C-rates (i.e., 4C, 2C, 1C, and 0.5C), since the value of the resistance changes significantly with the amplitude of the load current. Each current pulse was applied for 18 s [35] , while prior to the pulse a 15-min relaxation period was imposed in order to allow the LFP/C cell to reach thermodynamic stability. Because the value of the internal resistance of Li-ion batteries depends on the SOC and different internal resistance degradation trends might be obtained depending on the SOC at which the resistance is measured, the current pulse train was applied during each RPT at three SOC levels (i.e., 20%, 50%, 80% SOC), as presented in Fig. 3 .
IV. RESULTS
For each of the five accelerated calendar ageing cases, which are summarized in Table I , three LFP/C battery cells were considered in order to ensure consistency of the obtained ageing results and to eliminate possible outliers. Thus, the internal resistance values and the degradation trends presented hereafter represent the average over the three values obtained for the three cells corresponding to each case. The battery cells' internal resistance was computed based on Ohm's law, as shown in Fig. 4 . The effect of the internal resistance degradation on the battery voltage response during a 4C discharge current pulse is presented in Fig. 5 for one of the considered ageing cases.
As it was mentioned in the previous section, the internal resistance of the cells was measured at three SOC levels; however, in this study, only the internal resistance values (and corresponding trends) measured at 80% SOC during a discharging current pulse were considered for the degradation analysis. For determining the degradation trends of the internal resistance, which were caused by ageing at various conditions (see Table I ), the internal resistance values measured at different ageing levels were linked to the values measured at the cells' beginning of life (BOL) according to
where R i,increase represents the internal resistance increase of the LFP/C cell (expressed in percent), R i,present represents the internal resistance measured after each RPT (expressed in Ohms), and R i,BOL represents the internal resistance measured at the cell's BOL (expressed in Ohms). As illustrated in Fig. 6 , the internal resistance of the studied LFP/C battery cell has increased with the storage time and its degradation behaviour is accelerated by increasing the storage temperature (left column), and the storage SOC (right column); even though the internal resistance of the battery cells was measured after each 30 days of calendar ageing, the evolution of the internal resistance is presented with a resolution of 120 days, for clarity purposes. Furthermore, the ageing trends of the internal resistance, which were observed and are presented in Fig. 6 , are only slightly dependent on the C-rate. Thus, only the ageing results for a 4C-rate will be further analyzed and used for building the cell's lifetime model. The influence of the storage temperature and SOC level on the internal resistance increase for the case when the internal resistance was measured at 80% SOC during a 4C discharging current pulse is discussed in the next section.
V. INTERNAL RESISTANCE LIFETIME MODEL
To analyze the internal resistance increase behavior of the tested LFP/C battery cells, a two steps fitting procedure was followed. First, the dependence of the internal resistance increase on the storage time was obtained for each considered ageing case. Second, the dependence on the storage temperature and SOC level was determined. All the fitting processes were performed using the curve fitting toolbox from MATLAB considering a nonlinear least squares method; the quality of the fitting was evaluated using the coefficient of determination R 2 . For all the fitting processes, we have used the internal resistance values measured after each 30 days of calendar ageing
where SS res represents the sum of squares of residuals (deviation between the measured points and the fitted curve) and SS tot represents the total sum of squares (deviation between the measured points and their average value). 
A. Dependence on Storage Time
Initially, five different functions (i.e., linear, logarithmic, square root, power law, and power law with fixed exponent) were evaluated for fitting the internal resistance increase during calendar ageing. Based on the obtained results, the power law function give in (3) was selected for fitting the measured degradation behavior of the internal resistance at the five considered calendar ageing conditions
where a t represents the coefficient of the power law function and t represents the storage time expressed in months.
The obtained fitting functions for each of the five ageing cases and the corresponding R 2 values are summarized in Table II .
Based on the obtained values for the coefficient of determination R 2 (see Table II ), it was concluded that the fitting function (3) is able to estimate accurately the increase of the internal resistance during calendar ageing at different conditions.
B. Dependence on the Storage Temperature
The measured and fitted internal resistance increase trends for the LFP/C cells, which were aged at 50% SOC and three temperatures (i.e., Case 1, Case 2, and Case 3) are shown in Fig. 7 . The a t fitting coefficients, corresponding to the three aforementioned calendar ageing cases, were used to determine the dependence of the internal resistance increase on the temperature, during the second step of the two-steps fitting procedure. As illustrated in Fig. 8 , an exponential function was found to express accurately (R 2 = 0.963) the relationship between the temperature fitting coefficients and the storage temperature. This exponential dependence is in good agreement with Arrhenius' law, which predicts a doubling of the reaction rate (in this case, internal resistance increase) for a 10°C increase in temperature. By combining the power law function (3), which expresses the dependence of the resistance increase on the storage time, with the exponential dependence of the resistance increase on the temperature, a model that is able to estimate the internal resistance increase during storage at 50% SOC and different temperatures [mainly higher than 25°C (i.e., 298 K)], was 
C. Dependence on the Storage SOC Level
During the second step of the fitting procedure, the dependence of the internal resistance increase on the SOC level, at which the LFP/C cells were stored, was investigated too. The measured and fitted internal resistance trends of the LFP/C battery cells, which were stored at 55°C (i.e., 328 K) and three SOC levels, are illustrated in Fig. 9 . Similarly to the previous case, it was found out that the internal resistance was increasing exponentially with increasing the storage SOC level; this dependence is graphically illustrated in Fig. 10 . Based on the power law (3) and the relationship presented in Fig. 10 , a model, which is able to estimate the increase of the LFP/C cells' resistance during storage at 55°C (i.e., 328 K) and over the whole SOC interval, was obtained As described until this point, the dependence of the internal resistance increase on the storage temperature and on the storage SOC level was fitted separately, as given in (4) and (5), respectively. Thus, it was assumed that the effect of temperature on the internal resistance increase, which was measured and modeled for a 50% SOC [given in (4)], is the same at any other SOC. Similarly, we assumed that the effect of SOC on the internal resistance increase, which was measured and modeled for a temperature of 55°C [given in (5) ], is the same at any other temperature. In order to obtain a function, which connects the aforementioned dependences into a single figure of merit, a scaling of the two functions was used. Since possible interactions between the storage temperature and the storage SOC level were neglected, a scaling process of the two models [i.e., (4) and (5)] was considered accurate enough. These two models had one ageing case in common (i.e., Case 1-55°C, 50% SOC). Thus, we considered that it exists a scaling factor, which when multiplied with (4) for a temperature of 55°C (i.e., 328 K) should return a value equal to 1; the obtained value of the scaling factor is 0.2415. Thus, based on this value of the scaling factor, the developed lifetime model, which is able to predict the increase of the LFP/C battery cells' internal resistance during storage at different conditions (i.e., temperature and SOC) is given in (6) . In (4)-(6), the internal resistance increase R i is expressed in percent, the SOC is expressed in percent, the time t is expressed in months, and the temperature T is expressed in degrees Kelvin. Based on the developed lifetime model (6) , the increase of the tested battery cells' internal resistance for the temperature interval 25-55°C (i.e., 298-328 K), for the whole SOC interval, and for a storage period of 20 years is presented in Fig. 11 . According to the obtained results, during the considered time interval, the internal resistance of the tested LFP/C battery cells will increase by 71% if stored at 50% SOC and 25°C; furthermore, for an increase of the storage SOC from 50% to 100%, a doubling of the initial internal resistance will be obtained
VI. VALIDATION OF THE LIFETIME MODEL In order to verify the developed internal resistance increase lifetime model and to determine its accuracy, an additional calendar ageing tests was performed. During this test, the LFP/C battery cells were stored at open-circuit voltage conditions at 45°C (i.e., 318 K) and 70% SOC. A comparison between the internal resistance increase measured during the validation test and the predicted internal resistance increase for similar ageing conditions is presented in Fig. 12 . As shown in Fig. 12 , the developed model has the tendency to slightly overestimate the increase of the internal resistance; nevertheless, during the considered 24 months of validation testing period, the maximum absolute error, computed based on (7), did not exceed 3.1% of internal resistance increase. Moreover, the average relative estimation error for the same period, computed based on (8), was 9.72% ε r = 100 · R increase,meas − R increase,estim R increase,meas .
VII. CONCLUSION This paper has investigated the degradation behavior of LFP/C battery cells in terms of internal resistance increase during calendar ageing. For performing this investigation, five different accelerated calendar ageing tests were carried out and data about the internal resistance increase of the LFP/C battery cells were collected for a period which varied between 24 and 36 months, depending on the considering ageing case. By analyzing the data obtained from measurement, it was find out that the internal resistance is increasing nonlinearly during calendar ageing following a power law function. Furthermore, the increase of the internal resistance of the tested LFP/C battery cells is accelerated exponentially by increasing the storage temperature and by increasing the storage SOC level. Furthermore, based on the obtained internal resistance ageing trends, a lifetime model, which is able to predict the internal resistance increase at various temperatures and SOC levels, was developed and parameterized. By performing an additional calendar ageing tests, the proposed lifetime model was verified showing a high estimation accuracy.
